Abstract: Elucidating the mechanisms underlying the relationships between root growth and water use efficiency is important for achieving full yield potential. We conducted a field experiment with maize under high planting density (105,000 plants ha −1 ) in 2013 and 2014. Four treatments were implemented: traditional cultivation, root optimization cultivation, canopy optimization cultivation, and shoot-root optimization cultivation. Compared to the treatments involving rotary tillage, subsoil tillage significantly improved the soil structure and promoted soil water storage. Moreover, the distribution of roots was significantly deeper under shoot-root optimization cultivation than traditional cultivation treatment. Shoot dry matter and leaf area were slightly higher under the plant growth-regulator treatments than that under the other treatments. Thus, relative to the shoot-root optimization cultivation treatment, the root optimization cultivation and canopy optimization cultivation treatments reduced the shoot-root area ratio by 8% and 4%, respectively, and these reductions were significantly lower than the reduction under the traditional cultivation treatment (16%). Rainfall storage can be enhanced by improving tillage practices, promoting root growth (particularly at depths >20 cm), promoting access to water, and regulating plant growth by the foliar spraying of ECK (ethylene-chlormequat-potassium). This approach has the potential to achieve highly efficient resource utilization without additional inputs, thereby increasing yield.
Introduction
China uses 5% of the planet's water and 7% of its arable land resources to feed 20% of the global population [1] . The slow rates of improvements in cereal grain yield and rapidly increasing demand have presented new challenges for agricultural research [2] . Yield increases in maize (Zea mays L.), the most important crop globally, have been achieved mainly by maximizing planting density [3, 4] under optimized cultivation practices [5] . Northeast China is the most important region of rainfed maize production in China. The precipitation resources are generally sufficient to meet the water demands for maize production, but due to overexploitation and improper mechanical manipulation of The experiments were conducted in Tieling, Liaoning Province, China (42 • 49 N, 124 • 16 E). The mean soil (brown loam) fertility in 0-20 cm soil layer and fertilizers supply are shown in Table 1 . All fertilizers were slow-released and applied to the ridge side (depth: 10 cm) before sowing. The application rate was sufficient to meet the nutritional needs of the maize plants for the entire growing season. Pests, weeds, and diseases were well controlled, and no irrigation was applied throughout the growing season. The spring maize cultivar Zhongdan 909, which is widely grown in the North China Plain, was used. Tillage was performed with stripe deep loosening and rotary tiller tillage system machines provided by Liaoning Agricultural Machinery Institute (Shenyang, Liaoning, China); the machines have adjustable subsoil and rotary blades (adjustable spacing and depth). The four treatments of intensive maize were applied in a randomized block design with three replicates and comprised traditional cultivation (RU; rotary tillage and uniform plant spacing), root optimization cultivation (SU; subsoil tillage and uniform plant spacing), canopy optimization cultivation (RWC; rotary tillage, wide-narrow plant spacing and foliar application of plant growth regulator at the V7 stage; the stage of seventh leaf unrolled fully), and canopy-root coordination cultivation (SWC; subsoil tillage, wide-narrow plant spacing and application of plant growth regulator at the V7 stage). Because the tillage machine did not have a ridging tool, the planting pattern in our experiment was ridge planting (ridge height, 5 cm). Each plot consisted of 14 rows with an average spacing of 60 cm. The seeds were sown in a north-south direction, and the plot size was 84 m 2 ( was 105,000 plants ha −1 , which is high relative to conventional planting densities on the North China Plain. The harvest dates were 3 October 2013 and 4 October 2014. The preceding crop was spring maize, and the field was subjected to conventional rotary tillage for many years before our started experiment. The maize stalks were partly returned to the field when tillage was performed in spring. Precipitation data from 2013 to 2014 were obtained from the China Meteorological Administration [23] and included accumulated precipitation (mm), mean air temperature, and accumulated sunshine hours.
Data Collection and Analyses
To study the soil parameters, soil bulk density (BD), soil moisture, and soil porosity were measured after tillage and before sowing using the cutting ring method (cutting ring volume, 100 cm 3 ). Five non-neighboring points on the sow lines of each treatment were selected for sampling. Porosity and the parameters used for its calculation were calculated using the following formulas:
where FMC is field moisture capacity, SW 60CM is the weight of soil after gravity draining (the cutting rings were setting at 60 cm above ground for 24 h), DW is the weight of dry soil, and 2.65 g cm −3 is the mean of soil specific gravity. Soil compaction was measured using an SC-900 digital compactness instrument (Spectrum Technologies, Inc., Plainfield, IL, USA). The soil permanent wilting percentage was determined using water pressure response curves.
To study the root distribution of maize under the different cultivation modes of intensive production, the roots were sampled during the filling growth stage (R2; blister stage). Five plants exhibiting growth (e.g., average plant height and stem diameter) close to the treatment average were selected for root sampling. For in situ soil sampling, one plant was used to determine the root length density distribution [24, 25] , with the plant treated as the center of the sampled soil profile. Soil samples were collected to 50 cm depth at several points: along a 50 cm section in the direction perpendicular to the planted row (five soil samples, with the center plant located at the third point) and along a 30 cm section in the parallel direction (three soil samples, with the center plant located at the second point).
The sampling unit was a soil block 10 × 10 × 10 cm in size, and a block was collected from each 10 cm soil layer. Fifteen small cubic blocks from each 10 cm soil layer, yielding a total of 75 blocks, were collected for each treatment. All visible roots in each soil block were harvested by hand and placed in individually labelled plastic bags. For any two adjacent plants in separate rows, 12 soil samples from each soil layer were collected in the direction perpendicular to the planted rows. For the other samples (two plants), the roots were collected in each 10 cm soil layer to a depth of 50 cm underground (and not subdivided into blocks). Subsequently, the roots (including the aerial roots) were washed by hand and scanned to produce images, which were analyzed using the software program WinRHIZO (Regent Instruments, 2009, Quebec, Canada). Then, the root length and root surface area were calculated for each soil layer. The roots from the same sample were dried at 80 • C, and the constant weight was recorded as the root matter weight for each layer.
The unground plants of root samples (except 2 adjacent plants for length density distribution in the direction perpendicular to the planted row) were used to determine the canopy parameters at the R2 growth stage. For each leaf, the length and maximum width were measured, and the leaf area index (LAI) was estimated using the following equation:
where LA is the leaf area per plant, and GA is the ground area per plant. After determine leaf area index (LAI), plant samples were collected to determine the dry matter at the R2 growth stage in 2014. The samples were heated at 105 • C for 30 min and dried at 75 • C to achieve a constant moisture content before being weighed.
Water use efficiency (WUE) was estimated using the following equation:
where Y is population yield per hectare (Mg ha −1 ) and ET is evapotranspiration (mm) calculated as the change in soil water storage between sowing and harvesting (mm) plus the precipitation during the crop growing season (mm).
To determine grain yield and the yield components, all plants in the middle six rows of each plot were hand-harvested at physiological maturity to measure grain yield, which was standardized at 14% moisture.
One-way analysis of variance (ANOVA) and Duncan s method were performed to evaluate treatment effects. Data of root weight (RW), root surface area (RSA), shoot weight (SW), leaf area (LA), RW/SW, LA/RSA, yield, ET, and WUE were using the statistical software package SPSS for Windows (ver. 17.0; SPSS Inc., Chicago, IL, USA). The treatment means were compared at the 0.05 probability level. Pearson's correlation coefficient was used to evaluate the linear association among the RW and RSA (in 20-30 cm layer), RW, RSA, WUE, and yield across all treatments, by the linear regression analysis procedure of Sigma Plot 12.5.
Results

Soil Physical Properties
It is known that tillage could significant enhance the soil structure. Therefore, relative to rotary tillage, the subsoil tillage treatments yielded significant decreases in soil BD and compaction in the 0-35 cm soil profile layer (Figures 1 and 2A) . Furthermore, porosity, field moisture capacity (FMC), and permanent wilting percentage (PWP) in each layer were significantly higher under the subsoil tillage treatments than that under the rotary treatments ( Figures 1 and 3 , whereas there were no significant differences in moisture between the two tillage treatments ( Figure 1) . However, the range of available moisture in the 0-35 cm soil profile layer was significantly higher, by 3 to 5%, in the tillage treatments than in the rotary treatments ( Figure 3 ). 
Root Morphology
In general, root density decreased progressively from the plant center outwards and was significantly affected by cultivation treatment. No significant difference in root density was observed among the treatments in the 0-10 cm soil layer. In contrast, in the 10-20 cm soil layer, root length density was greater in the SU and SWC treatments than that in the RU and RWC treatments when the distance to the plant center was 0-10 cm, but was much lower in the SU and SWC treatments than that in the RU and RWC treatments at distances greater than 10 cm. In the 20-30 cm soil layer, the root length density was higher in the subsoil tillage treatments than that in the rotary tillage treatments, with the difference decreasing with increasing distance. Compared to traditional cultivation (RU), the SU, RWC, and SWC treatments yielded higher root length densities (>82%), with the highest density occurring in the SWC treatment in the 20-50 cm layer (Figure 4 ).
There was no consistent pattern in the differences in root length density among the different treatments with increasing soil depth. There was also no significant difference in root length density among the treatments in the top soil layer (0-10 cm; Figure 5 ).
Due to the narrow plant spacing in the treatments with wide-narrow planting (RWC and SWC; 40-70 cm in the horizontal direction; Figure 5 ), the root classes overlapped, and the root length densities were significantly higher in these treatments than those in the uniform spacing treatments (RU and SU; 30-80 cm in the horizontal direction; Figure 5 ) in the 0-30 cm soil layer. In addition, because of the tendency of roots to avoid each other, the root length densities in the treatments with wide spacing (RWC and SWC; 10-30 cm and 80-120 cm in the horizontal direction; Figure 5 ) were slightly higher than those in the treatments with uniform spacing (RU and SU; 10-20 cm and 90−120 cm in the horizontal direction; Figure 5 ), but the differences were not significant (p < 0.05).
In the 0-50 cm soil layer, the highest values of root weight, length, surface area, and volume were predominantly observed in the 0-20 cm layer, with the measures of all four variables decreasing significantly with depth. There were significant differences in root weight, length, surface area, and volume among the treatments. Relative to traditional cultivation (RU and CK), the SU, RWC, and SWC treatments significantly increased root weight in the 20-50 cm soil layer, yielding increases as high as 100% in the 20-30 cm soil layer. Subsoil tillage resulted in greater increases in root weight than rotary tillage, and there were differences between these two forms of tillage in root length, surface area, and volume. Root volume in the RWC and SWC treatments was significantly higher than that in the RU treatment. There were no significant differences in root length, surface area, and volume in the 0-20 cm soil layer, and the greatest differences were predominantly in the 20-50 cm soil layer. Hence, the modified cultivation measures promoted root contact with the moisture and nutrients in the deep soil layers (Figure 6 ). 
Shoot to Root Ratios of Weight and Area
The dry matter accumulation aboveground, relative to that in the RU treatment, was highest in the SU treatment, followed by the RWC and SWC treatments. Although the application of the chemical plant growth regulator in the RWC and SWC treatments controlled the elongation of the internode below the ears, the difference in dry matter accumulation among the treatments was not significant. Because the root weights and LAs under the RWC, SU, and SWC treatments were significantly higher than those in the RU treatment (p < 0.05), the maximum shoot to root ratios of weight and area were all observed in the SWC treatment. The differences among treatments were greater for the shoot to root ratio of area than for that of weight. The ratio of weight (shoot to root ratio) in the RWC, SU, and RU treatments showed weaker declines relative to that in the SWC treatment than did the shoot to root ratio of weight (the ratio of LA to root surface area). Relative to the SWC treatment, the RU treatment Agronomy 2019, 9, 336 10 of 14 significantly reduced the shoot to root ratio of area by 16%. The higher green leaf and root surface areas in the SU, RWC, and SWC treatments than those in the RU treatment contributed to this result (Table 2) . 
Yield and Water Use Efficiency (WUE)
The difference in yield increase between 2013 and 2014 showed a different pattern between the RU treatment and the remaining treatments. The increases in the RWC and SWC treatments in 2013 (normal year) were significantly greater than those in 2014 (drought year; approximately 50% lower yield), whereas the increase in the SU treatment was stable at approximately 5% across the two years. WUE displayed a trend consistent with grain yield across the two years. Topsoil optimization yielded greater yield stability than canopy optimization did (Table 3) . Different subscript letters following values within a column indicate significant differences at the 0.05 probability level (Duncan's method; n = 3). "*" significant at the 5% probability level. "**" significant at the 1% probability level.
Correlation Analysis
Analyses of the correlations among the root distributions at different depths, WUE, and yield showed that the length and surface area of roots in the 20-30 cm soil layer were significantly and positively correlated with total root weight (R length = 0.597 *, R area = 0.656 *; Figure 7A ) and total root surface area (R length = 0.670 *, R area = 0.852 **; Figure 7B ). These increases in root weight and surface area were the main contributors to the increases in the shoot to root ratios of weight and area, respectively. A similar relationship was observed between each of the weight and surface area of roots and WUE (R weight = 0.764 **; R area = 0.853 **; Figure 7C ). In particular, maize yield was significantly and positively correlated with both root weight and root surface area (R weight = 0.742 **, R area = 0.895 *; Figure 7D ). Agronomy 2019, 9, x FOR PEER REVIEW 6 of 6 Figure 7 . Relationships of root length and root surface area with root weight (A) and root total surface area (B); relationships between each of root weight and root surface area and water use efficiency (WUE; C) and grain yield (D). Correlation coefficients (R) were calculated, and "**" and "*" denote significance at the 0.01 and 0.05 probability levels, respectively (n = 12). All data were collected in 2014. Relationships of root length and root surface area with root weight (A) and root total surface area (B); relationships between each of root weight and root surface area and water use efficiency (WUE; C) and grain yield (D). Correlation coefficients (R) were calculated, and "**" and "*" denote significance at the 0.01 and 0.05 probability levels, respectively (n = 12). All data were collected in 2014.
Discussion
The quantity, water uptake, architecture of roots, and stored water depend strongly on soil compaction [17] . Tillage significantly reduces soil compaction and increases the porosity of topsoil, thereby increasing soil capacity to hold moisture and increasing yield [6, 19, 26] . Our results agree with previous findings demonstrating that subsoil tillage significantly improves soil physical properties, including soil BD, moisture, FMC, and PWP. In the present study, under subsoil tillage, the effective moisture range increased from 3 to 5%, and soil water storage generally increased (Figures 1-3) . Because of the lower penetration resistance encountered by roots under subsoil tillage, the horizontal distribution of roots in the 10-30 cm soil layer was deeper and denser in the subsoil tillage treatments than that in the RU treatment. Compared with roots in the RU treatment, which tended to exhibit a horizontally flattened distribution, the roots in the subsoil tillage treatments (SU and SWC) tended to converge around the plant center and were mainly distributed in the 0-20 cm soil layer. However, the roots in the RU treatment and in the treatments with wide-narrow planting were mainly distributed in the 0-25 cm soil layer (Figures 4 and 5) . The root length density was lowest at soil depths below 40 cm. The branch roots contributed to the root distribution in this layer. The root distribution density was higher under the subsoil tillage treatments than that in the RU treatment, but the differences were not significant in the topsoil (Figure 6 ).
The absorption of moisture and nutrients by crop roots has been shown to be affected mainly by the root configuration in the soil profile, which influences canopy matter production and accumulation via indirect effects [12, 13] . The canopy-root coordination cultivation treatments significantly affected root growth and distribution and increased the tillage topsoil depth by more than 10 cm. The plants in the treatments with uniform spacing had root distributions that were separated from one another, whereas in the treatments with wide-narrow spacing, the roots overlapped among plants. Compared to the roots in the RU treatment, those in the subsoil tillage treatments tended to extend to greater depths and exhibit a more slender architecture. In contrast, the roots in the RU treatment displayed a flat distribution because of the penetration inhibition caused by soil compaction (Figure 4 ). Subsoil tillage promoted root elongation by increasing the topsoil permeability, resulting in more roots in the deep soil layers and increasing the capacity of the soil to absorb moisture and nutrients. These phenomena indirectly enhanced the green stage of the canopy and the accumulation of matter after anthesis [27, 28] . The canopy-root coordination cultivation treatment yielded higher shoot to root ratios of weight and area than the other treatments. Relative to the shoot to root ratio of area in the SWC treatment, that in the other treatment was reduced by 4−16%, indicating that under the modified cultivation treatment, the roots provided an increased nutrient supply to the leaves (Table 2) .
Compared with shoot dry matter weight under the traditional uniform plant spacing, under wide-narrow plant spacing the weight was significantly reduced, with the increasing of root weight, thus the shoot to root ratio were enhanced. Wide-narrow plant spacing prolongs the function of lower-level leaves, enhances grain yields [29] , enhances the interactions of plant roots, increases dry matter allocation to roots, and affects the shoot to root ratio [21, 22] . Chemical growth regulators limit the elongation of the internode below the ear and increase the elongation of the upper ear, improving light radiation to plants [30] . Several studies have reported that increases in grain yield due to the indirect effects of root changes were significantly greater than those due to changes in the canopy [31] . In this study, the treatments involving canopy or root optimization yielded high spring maize grain yields, although the enhancement of yield differed between years. The SU treatment achieved largely consistent grain yield across the two years and had different precipitation amounts. In contrast, in the RWC treatment, there was a significant difference in yield between the two years, with 50% lower yield in the drought year. Relative to the RU treatment, the SWC treatment produced significant increases in grain yield and WUE in both years, indicating an efficient use of moisture. The shoot to root ratios of weight and area increased significantly in the SWC treatment relative to the RU treatment with more efficient matter accumulation in the SWC treatment. Subsoil tillage significantly improved the physical properties of the topsoil, and the depth of the tillage layer reached 30 cm. Relative to the RU treatment, the subsoil tillage treatments increased soil porosity and the range of effective moisture, and it enhanced the soil buffer capacity for precipitation and soil water storage. Among the treatments, the SWC treatment organized root distribution and the highest increases in WUE and grain yield (Table 3) .
Previous studies have confirmed the benefits of traditional crop management practices, including subsoil tillage [19] and wide-narrow planting [22] , which enhance maize grain yield by improving the spatial distribution of roots. The treatments with subsoil tillage and wide-narrow planting yielded significant increases in root surface area and length relative to the values under the RU treatment and yielded less compaction of soil than that observed under the RU treatment [32] , facilitating root access to distant water and nutrients [13] . Among the soil nutrients, nitrate was the easiest to captured and leach into deep soil with water, and elevating deeper root was efficient nitrate acquisition in deep soil. This could enhance the spatially available amount of N and water, which was the key way of sustainable agriculture [33] [34] [35] . As a result, relative to conventional tillage, these practices increased WUE and improved yield [26] . In the present study, because of the improvements in root clustering in the 20-30 cm soil layer under the cultivation treatments, root weight, root surface area, and WUE were increased significantly in these treatments relative to RU, increasing grain yield over that obtained with conventional cultivation (RU). Additionally, the canopy-root coordination cultivation treatment yielded stronger effects on root traits than the other three treatments did. Our results indicate that the canopy-root coordination cultivation approaches improved the root architecture and root structure of the intensively cultivated maize, enhancing WUE and thereby increasing grain yield. Subsoil tillage could elevate the depth of topsoil while meanwhile improving the access of extra resources, which maybe more beneficial to the clay loam than to the sandy loam.
Conclusions
Canopy-root coordination cultivation measures simultaneously improved the soil parameters, which was beneficial to the root growth (particularly at depths >20 cm), the shoot-root area ratio and WUE were mainly enhanced, then achieved high grain yield. The increase in yield was mostly due to enhanced root growth, which promotes water and nutrient transport between roots and the canopy. That could mostly reduce competition among plants in high-density populations and reduce abiotic stresses, which, in the future, could be the key way of sustainable agriculture in northeast China.
